The PANDA code is used to build tabular equations of state (EOS) for titanium and the alloy Ti4Al6V. Each EOS includes solid-solid phase transitions, melting, vaporization, and thermal electronic excitation. Separate EOS tables are constructed for the solid and fluid phases, and the PANDA phase transition model is used to construct a single multiphase table. The model explains a number of interesting features seen in the Hugoniot data, including an anomalous increase in shock velocity, recently observed near 200 GPa in Ti6Al4V. These new EOS tables are available for use with the CTH code and other hydrocodes that access the CTH database.
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Introduction
Sandia National Laboratories (SNL) maintains an equation of state (EOS) database for use with the three-dimensional hydrodynamics code CTH [2] - [4] . This database includes default parameters for a number of materials and for several EOS models that are described in Refs. [5] [6] . The present study is part of a continuing effort to evaluate and improve this database [7] - [14] .
This report describes new EOS tables for titanium and its important alloy Ti6Al4V. The tables were constructed with the PANDA code [15] , using a model that includes solid-solid phase transitions, melting, vaporization, and thermal electronic excitation. The approach is similar to that discussed in Refs. [10] - [14] ; separate EOS were first constructed for each phase, and the PANDA phase transition model was used to create a single multiphase table including the transitions.
Titanium has an interesting phase diagram. It has been studied extensively, in both static and shock wave experiments and in theoretical calculations. Five solid phases-α, β, ω, γ, and δ-have been identified [16] - [19] . α, which has the hcp structure, is the stable phase at room temperature and pressure (RTP). β, which has the bcc structure, is formed at zero pressure and high temperatures (>1166K). ω, which has a distorted hexagonal structure, is formed on compression to 9-10 GPa at room temperature; this phase is also metastable on release back to zero pressure [20] . Melting occurs at 1941K.
The other two Group IV transition metals-Zr and Hf-have phase diagrams similar to that of Ti. Since Zr and Hf both transform from the ω phase to the β phase at high pressures [21] [22] , it was expected that Ti would exhibit the same behavior [23] [24] . Instead, recent measurements showed that Ti transformed from ω to γ (distorted hcp) at 120 GPa and from γ to δ (distorted bcc) at 140 GPa [18] [19] .
A number of shock wave studies have shown that the ω phase is also formed on shock compression, at 10-11 GPa [25] - [27] . The transition splits the shock into two waves at pressures in the neighborhood of the transition. The ω phase can even be retained on release, if the samples are cooled before shocking [25] . Consideration of the phase diagram shows that the Hugoniot also traverses the β phase before crossing the melting curve; examination of the Hugoniot data does indicate a transition near 60 GPa.
The phase diagram of Ti6Al4V alloy is not as well known. However, it has been established that the alloy does not transform to the ω phase when shocked. Shock experiments similar to those for pure titanium did not show any evidence of splitting of the shock or any retention of the ω phase on release [27] . In addition, the shock velocity-particle velocity curve for the alloy lies above that for pure titani-um at pressures above 10 GPa. The Hugoniot does exhibit evidence of a phase transition near 40 GPa, but the volume change is less than the transitions seen in pure titanium.
The EOS model for pure Ti is discussed in Sec. 2. The model development parallels that described in Ref. [13] . However, three solid phases are included instead of only one, leading to a more complicated phase diagram. Good agreement is obtained with thermophysical data, static measurements, and Hugoniot data, including measurements on highly porous materials.
The EOS model for Ti6Al4V is discussed in Sec. 3. This model uses the same basic formulas as for pure Ti, but the ω phase is omitted. The parameters for the zeroKelvin isotherms are computed using additive volume mixing of the pure Ti phases with Al and V. The model predicts a stiffer Hugoniot for the alloy, in agreement with the data. The model also predicts a large jump in shock velocity near 200 GPa, due to melting, that is consistent with recent Hugoniot measurements.
Conclusions and recommendations are discussed in Sec. 4.
Appendix A gives plots of the tension region for the two materials.
Pure Titanium

Model Overview
Our model for pure titanium includes four phases-α, β, ω, and the fluid (including liquid, vapor, and supercritical regions). The γ and δ phases were treated as high-pressure extensions of the β phase, as discussed below. Separate EOS tables were constructed for each phase, using a common energy zero (α-Ti at RTP). The phase transition option was then used to construct a single multiphase table.
The EOS model for each phase is essentially the same as that previously used for Be, Ni, W, and Au [13] . A detailed description of the formulas is given in Ref. [13] , and only the most important points are discussed here.
The model for the solid phase uses the Birch-Murnaghan formula for the zeroKelvin isotherm and the Debye model for the lattice vibrations. The solid parameters were chosen to fit the following data: density [20] [28] [29] , enthalpy and entropy [30] , static compression [19] [31] [32] , and Hugoniot [33] - [37] . Band-theoretical calculations of Ostanin and Trubitsin [24] were also considered in making the fits.
The CRIS model for the fluid phase uses a zero-Kelvin isotherm, similar to those for the solid phases, along with thermodynamic perturbation theory [38] [39] . Additional parameters are used to define the solid isotherm in tension and to match the thermodynamic state of the liquid at the melting point.
The solid and fluid EOS also include the contribution from thermal electronic excitation and ionization. This term was computed by merging calculations from two quantum-statistical theories-the PANDA ionization equilibrium model at densities below the metal-insulator transition, and a modified version of the IN-FERNO model [13] [40] at higher densities.
Solid Phases
The zero-Kelvin isotherms were fit to the Birch-
where , and , , and are constants. To insure correct asymptotic behavior at high densities, the PANDA extrapolation formula, which is based on Thomas-Fermi-Dirac (TFD) theory, was used at pressures above about 100 GPa (match density RTFD).
As we will show below, the Hugoniot for Ti traverses all three of the solid phases. In fixing the parameters and for each phase, special emphasis was given to matching the Hugoniot in the appropriate pressure range. The parameters for ω and β were also constrained by the ω−β phase boundary.
Recent static measurements at 298K show that the ω phase transforms first to γ, then to δ, in the pressure range 124-145 GPa [19] . Our model, like that of Ostanin and Trubitsin [24] , predicts the ω−β transition temperature to decrease at high pressures. In the absence of any other phases, the model predicts a transition from ω to β at room temperature and high pressure, as observed in Zr [21] and Hf [22] . Since existing data are insufficient to construct separate EOS for the γ and δ phases, we have treated them as extensions of the β phase. A tabular isotherm for the β phase was constructed from two sets of BM parameters-the Hugoniot fit below 124 GPa and the fit of Akahama, et al. [19] , above 145 GPa, with an interpolation in the intermediate region.
In Ref. [13] , the density dependence of the Grüneisen function Γ was computed from the generalized Dugdale-MacDonald option. This option is not suitable for use with the tabular isotherm because it uses both first and second deriviatives of the pressure. Therefore, the following expression was used in this work.
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where ρ ref is the density at RTP. The RTP Grüneisen parameter Γ ref and Debye temperature Θ ref for the α and β phases were obtained by fitting thermal expansion, sound speed, enthalpy, and entropy data. No thermophysical data are available for the ω phase. However, the fact that the α−ω phase boundary is nearly independent of temperature indicates that the thermal properties for the two phases are quite close. Therefore, the Grüneisen parameter and Debye temperature for ω were taken to be the same as for α.
The EOS table for each solid phase was set to give its heat of formation, , at RTP. This condition guarantees a common energy zero for use in the phase transition model. The heat of formation was chosen to match the α−β transition temperature at zero pressure and the α−ω transition stress on the Hugoniot. Table 1 lists eight parameters for each solid phase-the RTP density, the three BM constants, the TFD match density, the RTP Grüneisen parameter and Debye temperature, and the heat of formation.
a These values were used for pressures below 124 GPa. The values of Akahama, et al. [19] , = 5.5995 g/cc, = 211.2 GPa, = 3.24, were used at pressures above 145 GPa, as discussed in the text.
Fluid Phase
The thermodynamic functions for the fluid phase were computed using the CRIS model [13] [38] [39] , along with the contributions from thermal electronic excitation. The CRIS model also uses a zero-Kelvin isotherm that is used to compute the potential energy of an atom in the cage formed by its neighbors. When several solid phases are present, as in this case, experience has shown that best results are usually obtained by using the highest-density phase. In this work, we have used the zero-Kelvin curve for the β phase, which is the most compressible phase at high pressures. The liquid model also requires five additional parameters.
• The zero-Kelvin curve must be extended into tension using the so-called LJ match option, requiring three parameters-ECOH, RLJ, and FACLJ. ECOH, the binding energy, was computed from the heat of formation data. 
• The parameters EFAC and are used for "tuning" the model to match the enthalpy and entropy of the liquid at the melting point.
The energy zero for the liquid was set by using the same energy shift as for the α phase. Table 1 lists the parameters for the fluid phase.
Results
The model results are compared to zero-pressure thermophysical data and isobaric expansion measurements in Fig. 1 . The agreement is satisfactory for the solid region and for the enthalpy and entropy of the liquid phase. The density of liquid Ti is not well known. Paradis and Rhim [41] list several measurements of the liquid density, including their own, from the melting point to 2400K. Our model prediction is within the envelope of these measurements, shown by triangles with error bars in Fig. 1 . There are two sets of isobaric expansion measurements that give somewhat lower densities [42] . The discrepancies between these different sets of data are not yet understood. Figure 2 compares the room-temperature isotherms for the three solid phases with experimental data and theoretical calculations. The α-phase curve agrees well with the experimental data of Vohra, et al. [31] , which go up to 7 GPa, and the calculations of Ostanin and Trubitsin (OT) [24] at high pressures. The ω-phase curve also agrees with the low-pressure static data [31] and with the one data point of Xia, et al. [32] , at 87 GPa. It is somewhat softer than OT and the data of Akahama, et al. [19] ; however, a stiffer curve would not agree with the Hugoniot data and would give too low a pressure for the ω−β transition. The β-phase curve is in good agreement with OT up to 120 GPa. The data of Akahama, et al. [19] , indicate a stiffening of the isotherm at high pressures, upon entering the δ-phase. The β curve was modified to match the high-pressure data, as explained above. The titanium Hugoniot is shown in Fig. 3 . The left side of the figure compares the calculated curve with experimental data up to about 300 GPa [34] - [36] . Strength terms were included in computing the Hugoniot in the solid region; the same parameters, taken from Steinberg [43] , were used for all three solid phases. The strength corrections are significant; they stiffen the Hugoniot and also give rise to an elastic precursor with a velocity of 6.16 km/s. The phase transitions give rise to structure in the Hugoniot curve, as discussed below. The right side of Fig. 3 shows the Hugoniot in the ultra-high pressure region. The predicted phase diagram and Hugoniot are shown in Fig. 4 . The equilibrium α−ω transition pressure appears to be 7-8 GPa at room temperature [16] [19] . We have deliberately chosen parameters that give a transition pressure of 10 GPa in order to match the shock wave measurements. The model predicts the onset of the α−ω phase transition at a stress of 10.7 GPa on the Hugoniot, in good agreement with the value 10.4 obtained by Gray, et al. [27] . This transition leads to the region of constant shock velocity at U s =5.5 km/s, seen in Fig 3. There is considerable scatter in the Hugoniot data near the transition. The older shock data indicated a higher transition stress, 17.5 GPa; the discrepancy is thought to be due to the use of low-purity titanium samples [27] .
As seen in Fig. 4 , the α−β transition temperature decreases with pressure until it intersects the α−ω boundary, forming a triple point at 960K and 10.4 GPa. The ω−β transition temperature increases with pressure to 35 GPa, then decreases with increasing pressure. The ω−β phase boundary is very sensitive to the zero-Kelvin parameters for the two phases; a stiffer isotherm for the ω-phase would give too low a pressure for the ω−β transition at room temperature. The parameters used here predict the ω−β transition at 115 GPa, in reasonable agreement with the value 124 GPa obtained by Akahama, et al. [19] .
The model predicts the ω−β transition to occur over the range 52-60 GPa on the Hugoniot. This transition gives rise to a slight softening in the Hugoniot at particle velocites in the range 1.75-1.95 km/s, as seen in the experimental data. The dotdash line in Fig. 4 is a release isentrope from the 86.5 GPa shock state of the solid, which intersects the zero pressure axis near the α− β transition pressure. This result agrees with the experiments of Kanel, et al. [44] , who observed a drop in the surface reflectivity of titanium for shock pressures over the range 82.5 to 90.8 GPa.
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The model predicts shock melting to begin at 178 GPa and be complete at 202 GPa. The dashed portion of the Hugoniot in Fig. 3 corresponds to the melting region. The model predicts an increase in shock velocity due to melting and also a small increase in the slope of the 1. Kanel, et. al., attributed the drop in reflectivity to melting but noted that the pressure was lower than expected for melting. We believe that the phenomenon is actually due to the α−β transition. shock velocity-particle velocity curve. However, there are not enough experimental data to test this prediction. The onset of shock melting can be inferred experimentally by measuring the sound speed behind the shock front. Unfortunately, measurements of this type are not available for titanium.
It should be noted that the phase boundaries are quite sensitive to some of the model parameters. In particular, the onset of shock melting depends upon the density dependence of the Grüneisen function; a higher value of Γ(ρ) would lower the melting temperature. New measurements of the Hugoniot and sound speed in this region would locate the ω−β and melting transitions more accurately. Figure 5 compares the model predictions with Hugoniot data for porous titanium having initial densities ranging from 0.80-4.03 g/cc. These shock states cover a wide range of densities and temperatures. For example, the highest data point for an initial density of 1.80 g/cc corresponds to a shock state of 5.1 g/cc, 106 GPa, and 25,000K. The model is in good agreement with all of the data for porous titanium, showing that it is accurate at states far from the principal Hugoniot.
In constructing the EOS table, special attention was given to the treatment of tension and vaporization. Maxwell constructions were included at temperatures above the boiling point, so that the EOS describes equilibrium vaporization at high temperatures. A nonequilibrium tensile region was left at temperatures below the boiling point, so that the EOS will give a correct prediction of spallation in hydrodynamic code calculations. The behavior of the EOS in the vaporliquid region is shown in Fig. 6 . The pressure is plotted as a function of density on 25 isotherms from 3700K to 25,000K. The EOS exhibits a "plasma phase transition" (PPT) at temperatures above 4690K and below 5800K, at densities in the range 1.7-2.7 g/cc. This feature, which was also predicted in our models for aluminum [10] , nickel [13] , and copper [14] , arises from the effect of the metal-insulator transition on the thermal electronic contribution to the EOS. At temperatures below 4690K, there is a single coexistence region between the vapor and the metallic liquid. At higher temperatures, there are two coexistence regions, one between the vapor and an insulating liquid, the other from the insulating liquid to the metallic liquid. The predicted critical point (for the vapor and the insulating liquid) is at 15,500K, 0.7 GPa, and 0.5 g/cc. The existence of a PPT has not yet been demonstrated in any metal, and this region of the EOS surface requires further study.
The EOS table for titanium covers the density range from 0.0 to 400 g/cc and the temperature range from 5 to 1.0x10 8 K. It has been given material number 2970. 
Ti6Al4V Alloy
General
The alloy Ti6Al4V has the nominal composition 90% Ti/6% Al/4% V by weight. The corresponding atomic composition is 86.2% Ti/10.2% Al/3.6% V. The average atomic weight is 45.859, compared with 47.88 for pure Ti. Actual samples vary from the nominal composition. For example, the material studied by Gray, et al. [27] , was 89.06% Ti/6.33% Al/4.23% V/0.38%, with 0.38% other elements.
Little is known about the phase diagram of the alloy. We will rely heavily on our model for pure titanium, together with some theoretical considerations, to construct an EOS that matches the available data. In particular, the model must be consistent with the following information.
• The shock velocity-particle velocity curve for Ti6Al4V agrees fairly well with that for pure Ti at low pressures but is much stiffer above 10 GPa.
• Unlike pure Ti, Ti6Al4V does not transform to the ω-phase at shock pressures up to 25 GPa [27] .
• The Hugoniot for Ti6Al4V does show evidence of a phase transition near 40 GPa [45] . However, the Hugoniot above the transition is still stiffer than for pure Ti.
In this work, we will show that good agreement with all of the available data can be obtained with a model similar to that for pure Ti, but with two modifications. First, we eliminate the ω phase, leaving only the α, β, and fluid phases. Second, additive-volume mixing is used to determine the model parameters, resulting in the increased stiffness that is observed experimentally.
Before proceeding, we note that the Ti6Al4V is not pure α at RTP but contains a small amount of the β-phase [27] . We will not attempt to deal with this complication explicitly and will continue to refer to the ambient phase as "α."
Model Parameters
Our EOS models for the α, β, and fluid phases are identical to those for pure Ti, except for the model parameters. The EOS for the solid phases use the Birch-Murnaghan formula for the zero-Kelvin isotherm and the Debye model for the lattice vibrations. The EOS for the fluid phase uses the CRIS model and the same zeroKelvin isotherm as the β phase. Thermal electronic contributions are also included in the EOS for the solid and fluid phases.
The amounts of Al and V in this alloy are not sufficient to cause the formation of Ti-Al or Ti-V compounds [46] ; the alloy may be regarded as a mixture of elements.
Therefore, the additive-volume mixture approximation, though not exact for an alloy, is a reasonable starting point for the development of a model. Figure 7 shows room temperature isotherms for the α and β phases, calculated from the additive-volume model. These calculations were made using the MOD MIX option in PANDA, using our tabular EOS for the titanium phases, the aluminum EOS discussed in Ref. [10] , and a simple vanadium EOS table constructed specifically for use in this work. 1 The compressibility of the α phase is close to that for pure Ti up to 50 GPa. However, the isotherm for the β phase is considerably stiffer than that for pure Ti at high pressures, enough to explain the increased stiffness of the Hugoniot. The additive-volume calculation also gives a reasonable density for the α phase-4.372 g/cc, only 1% less than the experimental value, 4.418 g/cc. This result lends further credence to our use of this approximation.
In principle, additive-volume mixing could be used to construct the new EOS tables for all three phases. However, that procedure would require additional work on the EOS for both Al and V. Therefore, a simpler approach was adopted. Debye temperatures and Grüneisen parameters for the two solid phases were estimated by averaging the values for the pure elements, weighted by their mass fractions. The zero-Kelvin parameters were then chosen to fit the results of the additive-volume calculations. The fits are compared to the additive-volume calculations in Fig. 7. (The fit for the α phase was chosen to match the experimental RTP density instead of the calculated value.) The heat of formation for the β phase was taken from that for pure Ti, multiplied by the mass fraction of Ti.
For the liquid phase, the cohesive energy was computed by summing the cohesive energies for the three elements, weighted by their mass fractions. The other parameters were kept the same as for pure Ti.
The parameters for all three phases of the alloy are given in Table 2 .
1. The vanadium EOS was constructed using the same model discussed in Sec. 16.1 and Appendix E of the PANDA manual. Only the solid phase was used in these calculations. ∆ f H 0 A special thermal electronic table was also constructed for the alloy, using the electronic tables for pure Ti and Al. Because we do not have a thermal electronic table for V, the mixture was taken to have an atomic composition 89.8% Ti/10.2% Al. (V is adjacent to Ti in the periodic chart, so this approximation should give satisfactory results.) The entropies of the two components were added together, weighted by their atomic fractions, at constant atomic volumes. Figure 8 shows the Hugoniot for Ti6Al4V in the shock velocity-particle velocity plane. Figure 9 shows the phase diagram and Hugoniot in the pressure-temperature plane. The model predictions agree very well with the experimental Hugoniot data [36] [45] [47]- [49] , including several features associated with phase transitions. Steinberg's parameters for the alloy [43] were used to include strength terms in the solid region. The strength corrections are significant, just as they were in pure Ti; they stiffen the Hugoniot slightly and give rise to an elastic precursor with a velocity of 6.21 km/s. The model predicts the α−β transition to occur at 56 GPa at room temperature. Under shock loading, it occurs at a stress of 42 GPa, with a 4% volume change, in good agreement with the Hugoniot data [45] .
Results
The model predicts shock melting to begin at 182 GPa and be complete at 207 GPa, almost the same as in pure Ti. The dashed portion of the Hugoniot in Fig. 8 corresponds to the melting region. As in pure Ti, there is an increase in shock velocity due to melting. This prediction agrees with the anomalous behavior seen in the data. The data points of Winfree, et al. [47] , shown by squares in Fig. 8 , do not lie on an extrapolation of the lower pressure data. Their data show a marked stiffening of the Hugoniot over the highest density point of Hixon [49] , shown by circles in Fig. 8 . Taking the two sets of data together, there is a striking 6.5% increase in the shock velocity with only 5.6% increase in the particle velocity. The model shows that this unusual behavior arises from melting.
Hixon's data point shows that the model underestimates the onset of shock melting by about 20 GPa (10%). This discrepancy could easily be corrected by small changes in the model parameters, particularly the Grüneisen parameter for the β phase. However, we have not made that adjustment in the present work, preferring to wait until additional experimental data become available in this regime.
As for pure Ti, the EOS table for the alloy includes Maxwell constructions for temperatures above the boiling point, leaving a nonequilibrium tensile region at low temperatures. The EOS table covers the density range from 0.0 to 400 g/cc and the temperature range from 5 to 1.0x10 8 K. It has been given material number 4061. The behavior of the EOS in the vapor-liquid region is similar to that for pure titanium, shown in Fig. 6 , including the PPT.
Chhabildas has obtained time-dependent data on Ti6Al4V shocked to 220 GPa [50] . The same technique used in Ref. [47] was used to accelerate a flyer plate to a velocity of 9.6 km/s, which then impacted a target plate backed by a LiF window. The particle velocity at the target-window interface was measured using the VISAR method. The flyer and target, both Ti6Al4V, were 0.56 and 2.0 mm in thickness, respectively. Figure 10 compares a CTH calculation of this experiment, using our new EOS table, with the experimental data. (The data have been shifted in time to match the calculation, since the arrival time was not determined in the experiment.) The flyer plate is heated during acceleration, and an initial temperature of 600K was assumed in the calculation. The calculation gives an initial shock pressure of 220 GPa in the flyer and target. This state is close to the lower Hugoniot point from Ref. [47] , shown by squares in Fig. 8 . Hence it lies in the liquid region. The rarefaction from the rear surface of the flyer overtakes the shock front just as it impacts the window. Impact with the window simultaneously drops the shock pressure to 180 GPa. The calculation is in good agreement with the experimental data. 
Conclusions and Recommendations
The present report describes new EOS tables for titanium (material number 2970) and the alloy Ti6Al4V (material number 4061). These tables are significantly better than those currently available in the CTH database [8] [9] . They should be added to file "sesame" and set as the default materials in the CTH file EOS_data [5] [6] .
Experience has shown that no EOS modeling effort is ever fully finished-further refinements are always possible and desirable. In this case, the following tasks are particularly worthy of consideration.
• Further investigation of shock melting is needed for both pure Ti and the alloy. The EOS model predicts an unusually large increase in shock velocity near 200 GPa, due to melting. This prediction agrees with three recent Hugoniot data points for Ti6Al4V. However, more measurements are needed to confirm these findings. An accurate EOS for Ti6Al4V is especially important for impedance matching calculations in the SNL three-stage gun experiments. Measurements of the sound speed in this region would also be very useful. Some revision of the EOS may be needed when new data become available.
• The model predicts a plasma phase transition in the vapor-liquid critical region for both Ti and Ti6Al4V. Further theoretical and experimental work is needed to determine if such a transition actually exists and what effect it could have on the material behavior. 
